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ABSTRACT
The powerlaw X-ray spectra of active galactic nuclei at moderate to high accretion rates normally
appear softer when they brighten, for which the underlying mechanisms are yet unclear. Utilizing
XMM-Newton observations and excluding photons < 2 keV to avoid contamination from the soft
excess, in this work we scrutinize the powerlaw spectral variability of NCG 4051 from two new aspects.
We first find that a best-fit “softer-when-brighter” relation is statistically insufficient to explain the
observed spectral variabilities, and intervals deviated from the empirical relation are clearly visible in
the light curve of 2 – 4 keV/4 – 10 keV count rate ratio. The deviations are seen not only between
but also within individual XMM-Newton exposures, consistent with random variations of the corona
geometry or inner structure (with timescales as short as ∼ 1 ks), in addition to those behind the
smooth “softer-when-brighter” trend. We further find the “softer-when-brighter” trend gradually
weakens with the decreasing timescale (from ∼ 100 ks down to 0.5 ks). These findings indicate that
the powerlaw spectral slope is not solely determined by its brightness. We propose a two-tier geometry,
including flares/nano-flares on top of the inner disc and an embedding extended corona (heated by the
flares, in analogy to solar corona) to explain the observations together with other observational clues
in literature. Rapid spectral variabilities could be due to individual flares/nano-flares, while slow ones
are driven by the variations in the global activity of inner disc region (akin to the variation of solar
activity, but not the accretion rate) accompanied with heating/cooling and inflation/contraction of
the extended corona.
Keywords: galaxies: active — galaxies: Seyfert — X-rays: galaxies — galaxies: individual (NGC
4051)
1. INTRODUCTION
The hard X-ray radiation of active galactic nuclei is be-
lieved to be produced through thermal Comptonization
of low energy seed photons from the accretion disc by hot
plasma surrounding the SMBH, presumably the corona
(Galeev et al. 1979; Haardt & Maraschi 1991, 1993), and
the yielded X-ray spectra are commonly described with
powerlaw cut-offed at high energy (e.g. Zdziarski et al.
1995; Ricci et al. 2011; Tortosa et al. 2018).
The X-ray emission of AGNs is strongly variable, not
only in the flux but also in the spectral shape. Observing
the temporal variations of the coronal spectra provides
essential opportunities to probe the yet poorly under-
stood corona physics. The mostly known X-ray spectral
variability is the so-called “softer-when-brighter” behav-
ior, i.e., the X-ray coronal spectra of AGNs at mod-
erate to high accretion rates usually get softer when
they brighten in X-ray (e.g. Markowitz & Edelson 2004;
Sobolewska & Papadakis 2009; Soldi et al. 2014). Note,
a contrary “harder-when-brighter” trend is seen in low
luminosity AGNs, for which the X-ray production pro-
cess could be different (Emmanoulopoulos et al. 2012;
Connolly et al. 2016).
The “softer-when-brighter” behavior appears qualita-
tively consistent with the fact that, in the regime of mod-
erate to high accretion rates (the focus of this work),
AGNs with higher Eddington ratios tend to have softer
X-ray spectra (e.g. Shemmer et al. 2006; Risaliti et al.
2009; Yang et al. 2015). It is generally proposed that
when an AGN increases its accretion rate, the corona
would be cooled down, therefore generating brighter but
softer X-ray spectra. However, it is hard to attribute
rapid X-ray spectral variability in individual AGNs to
changes of accretion rates due to the timescale discrep-
ancy (i.e, the timescale of accretion rate variation should
be much longer). We further note that, the X-ray emis-
sion of AGNs is generally more variable than optical/UV
radiation (at least at timescales up to a few weeks, e.g.,
Uttley 2006, and also see Alston et al. 2013b for NGC
4051, the target of this work), thus a higher fraction of
energy is dissipated into the corona when an individual
AGN brightens in X-ray; contrarily, AGNs with higher
Eddington ratios tend to have smaller X-ray to bolo-
metric luminosity ratios (Wang et al. 2004; Vasudevan
et al. 2009; Grupe et al. 2010; Lusso et al. 2012). This
clearly objects the hypothesis that the fast “softer-when-
brighter” trend in individual AGNs and the Γ – Edding-
ton ratio correlation within AGN samples could both be
attributed to variations of accretion rate.
Alternatively, the rapid X-ray spectral variabilities in
individual AGNs could be attributed to variations of the
coronal properties. For instance, Zhang et al. (2018)
found with a small sample of sources that AGNs tend
to have larger hard X-ray cutoff energies (thus hotter
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2corona) when they brighten in X-ray. This is in di-
rect contrast to the corona cooling hypothesis aforemen-
tioned, and requires a smaller corona opacity at brighter
phases to produce the softer spectra (e.g. Keek & Bal-
lantyne 2016). Furthermore, Sarma et al. (2015) found
that, in the X-ray photon index Γ versus luminosity LX
plot, Mrk 335 follows a rather different track during one
XMM-Newton exposure compared with other exposures.
This indicates that there is not a canonical “softer-when-
brighter” trend even for a single source, and structural
changes in the corona would be required. More evidence
supporting the scheme of non-static corona includes spot-
like flares on top of the disc (e.g. Iwasawa et al. 2004),
jet-like expanding flares (e.g. Wilkins et al. 2015; Alston
et al. 2020), vertical outflowing coronae (e.g. Liu et al.
2014), etc.
A fundamental question can then be raised: how fast
can such coronal structural changes happen? Identifying
the shortest timescale for such variations could uniquely
probe the corona physics. Meanwhile, rapid and slow X-
ray variabilities may involve different physical processes.
Thus a parallel concern is whether the X-ray variabili-
ties at different timescales follow the same “softer-when-
brighter” trend (also see Lobban et al. 2018).
NGC 4051, one of the X-ray brightest AGNs, is a low
mass Seyfert 1 galaxy. Its X-ray variabilities have been
extensively studied in literature (e.g. Lamer et al. 2003;
McHardy et al. 2004; Miniutti & Fabian 2004; Uttley
et al. 2004; Pounds et al. 2004; Ponti et al. 2006). In
this work we scrutinize its hard X-ray spectral variabili-
ties from two new aspects, using archival XMM-Newton
observations.
2. XMM-NEWTON OBSERVATIONS AND DATA
REDUCTION
In Table 1 we list the 19 archival XMM-Newton obser-
vations of NGC 4051, all of which were obtained with the
“Medium” blocking filter. In this work we focus on data
obtained with the PN detector, which was operated in
Small Window model during all 19 exposures. We repro-
cessed the exposures with XMM-Newton Science Analy-
sis System (SAS 17.0.0). The average pile-up effect dur-
ing individual exposures is found to be negligible with
the task “epatplot”. Alston et al. (2013a) examined the
pile-up effects within the individual exposures and found
only the highest flux revolution (ID: 0606321601) showed
signs of pile-up effects during its highest flux periods.
Excluding this exposure or its highest flux periods does
not alter the major results presented in this work. We
extract source light curves from a circular region with a
radius of 60′′, and background from nearby source-free
regions. The light curves were obtained using the “epi-
clccorr” task and applying both relative and absolute
corrections to correct various effects that affect the de-
tection efficiency, which enables us to directly utilize the
derived light curves and their ratios to investigate the
rapid spectral variability of NGC 4051.
3. SPECTRAL VARIABILITY ANALYSES
3.1. More complicated than an empirical
“softer-when-brighter” relation
In this work we focus on the spectral range of 2 – 10
keV to minimize the impact of the soft X-ray excess, and
Table 1
Archival XMM-Newton observations of NGC 4051.
Obs. ID. Start time(UTC) Exp. 0.5-10 keV
(YYYY-mm-dd) (ks) counts/s
0109141401 2001-05-16 121.958 19.99
0157560101 2002-11-22 51.866 3.97
0606320101 2009-05-03 45.717 7.86
0606320201 2009-05-05 45.645 13.69
0606320301 2009-05-09 45.548 15.02
0606320401 2009-05-11 45.447 4.08
0606321301 2009-05-15 32.644 18.86
0606321401 2009-05-17 42.433 10.54
0606321501 2009-05-19 41.813 13.31
0606321601 2009-05-21 41.936 22.02
0606321701 2009-05-27 44.919 5.59
0606321801 2009-05-29 43.726 7.05
0606321901 2009-06-02 44.891 3.75
0606322001 2009-06-04 39.756 6.11
0606322101 2009-06-08 43.545 2.18
0606322201 2009-06-10 44.453 6.22
0606322301 2009-06-16 42.717 8.61
0830430201 2018-11-07 83.200 11.42
0830430801 2018-11-09 85.500 7.18
possible variable absorption along the line of sight. In
Fig. 1 we plot 2–4 keV and 4–10 keV light curves (with
bin size of 500 s) of the first XMM-Newton exposure (Ob-
sID 0109141401), which is also the one with longest effec-
tive exposure time (∼ 122 ks). The 2–4 keV/4–10 keV
count rate ratio is also presented, demonstrating rapid
spectral variations within this single exposure. In the
right panel of Fig. 1 we plot the 2–4 keV/4–10 keV count
rate ratio as a function of the the 2–10 keV count rate.
A clear softer-when-brighter trend is seen, and the trend
tends to saturate at the bright end (see also Seifina et al.
2018). We fit the trend with a cubic polynomial func-
tion1 to empirically describe the “softer-when-brighter”
pattern. While the best-fit empirical relation can well de-
scribe the general “softer-when-brighter” trend (see the
residuals in the right panel of Fig. 1), the fit is statisti-
cally poor (with χ2/dof significantly > 1.0), showing the
spectral variability is more complicated than the simple
empirical relation.
In Fig. 1 we mark example intervals when the ob-
served 2–4 keV/4–10 keV count rate ratio deviates from
the empirical relation. We see such deviations through-
out the whole exposure, i.e., not dominated by a certain
interval. The deviations appear stochastic and irrelevant
to the total count rate, i.e., not particularly seen during
bright or faint states. Furthermore, the deviations can
emerge/disappear on a very short timescale (as short as
∼ 2 ks). We note that such deviations could also be vis-
ible in the flux-flux plots, such as shown in Taylor et al.
(2003) for MCG -6-30-15, but the flux-flux plots alone
can not reveal the intervals with clear deviations.
We perform Monte-Carlo simulations to show how the
spectral variation would look like if simply following the
empirical relation (the spectral slope solely determined
by the brightness). For each time bin, starting from the
1 We simply adopt this non-parametric approach to derive the
smooth “softer-when-brighter” trend without prior assumption(s)
of its shape. The results presented in this work however are in-
sensitive to the selection of the function. Adopting other non-
parametric approaches such as spline or moving averaging yields
similar results.
3Figure 1. Left: XMM-Newton PN light curves of NGC 4051 (ObsID 0109141401, with a bin size of 500s). The gaps in the light curves
are due to high background intervals which had been filtered out during the data processing. Using a looser filter threshold could eliminate
some of the gaps but would not alter any of the main results presented in this work. From top to bottom: 1) 2 – 4 keV light curves; 2) 4 – 10
keV light curves; 3) the light curves of 2 – 4 keV/4 – 10 keV count rate ratio; 4) the residual count rate ratio light curves after subtracting
the empirical relation as shown in the right panel. Simulated light curves which simply follow the empirical “softer-when-brighter” relation
in the right panel (with statistical errors included) are over-plotted for comparison. Red circles/ellipses mark example intervals during
which significant deviations from the empirical relation are seen. Right: The “softer-when-brighter” behavior of NGC 4051 seen during this
XMM-Newton exposure (left) and for a simulated exposure (right). The solid line plots the best-fit cubic polynomial function, showing an
empirical “softer-when-brighter” trend (saturated at the bright end), and the yielded χ2/dof are given. The inserted histogram plots the
distribution of expected χ2/dof if spectral variabilities simply follow the empirical trend.
Figure 2. Similar to Fig. 1, but for 15 XMM-Newton exposures obtained over 45 days in 2009 (with a bin size of 2,000s). For simplicity,
simulated light curves are not shown here.
observed 2–10 keV net count rate, we calculate the ex-
pected 2–4 and 4–10 keV net count rates using the em-
pirical relation. We then add random Poisson errors to
the expected count rates. One set of such artificial light
curves is shown in Fig. 1 (left panel), and the derived
2–4 keV/4–10 keV ratio versus 2–10 keV count rate can
be well described with a cubic polynomial function (right
panel in Fig. 1). Such simulations have been repeated
1000 times, and the yielded distribution of χ2ν is also
given in Fig. 1. This confirms that an empirical relation
is insufficient to describe the observed spectral variabil-
ity.
We repeat above analyses for all 19 individual XMM-
Newton exposures, and yield χ2ν > 1.2 for 15 exposures,
indicating deviations from empirical relations are simi-
larly seen in most exposures. We note that among the 19
observations, 15 were obtained quasi-continuously over
45 days during a monitoring campaign in May – June,
2009. These observations enable us to investigate the
spectral variability over timescales longer than an indi-
4vidual exposure. The results, similar to that seen in Fig.
1, are plotted in Fig. 2. In the plot we can see individual
exposures during which the 2–4/4–10 keV ratio signifi-
cantly deviates from an empirical relation (derived for all
15 exposures).
3.2. Timescale dependency
In optical/UV bands, AGNs are known to appear bluer
when they brighten in fluxes, which is often described
with a similar term “bluer-when-brighter” (e.g. Schmidt
et al. 2012). Recent studies have shown that the color
variabilities in optical/UV are timescale dependent, in
the way that the “bluer-when-brighter” trend is more
prominent at shorter timescales, and such discoveries
provide crucial clues to understand the nature of op-
tical/UV variations (Sun et al. 2014; Zhu et al. 2018;
Cai et al. 2016, 2018, 2019). Below we examine whether
the X-ray “softer-when-brighter” trend in NGC 4051 is
timescale dependent. As the 2 – 4 and 4 – 10 keV
light curves are well coordinated (see Fig.1 & 2, also see
McHardy et al. 2004), the “softer-when-brighter” trend
can be quantified with the ratio of proportional varia-
tion amplitudes in two bands. For instance, if the source
varies 30% in 2 – 4 keV but only 20% in 4 – 10 keV,
the ratio 0.3/0.2 indicates a clear “softer-when-brighter”
trend, the larger the ratio, the stronger the “softer-when-
brighter” trend. A ratio less than unity contrarily corre-
sponds to “harder-when-brighter”. Following Zhu et al.
(2016), we first derive the structure functions (SFs) of
2–4 keV and 4–10 keV light curves, and utilize the ra-
tio of two structure functions to quantify the “softer-
when-brighter” trend as a function of the timescale. The
structure functions are calculated by using the following
formula (di Clemente et al. 1996), in which Log(CRi)
and Log(CRj) represent the logarithmic count rates at
any two epochs in the light curve, σi, σj the correspond-
ing logarithmic statistical errors, and τ the lag of two
epochs.
SF (τ) =
√
pi
2
〈|Log(CRi)− Log(CRj)|〉2 − 〈σ2i + σ2j 〉
(1)
Fig. 3 plots the derived structure functions, which
describe the variation amplitude (in unit of dex) as a
function of the timescale. The 2 – 4 keV and 4 – 10
keV SFs clearly demonstrate that NGC 4051 is more
variable in 2 – 4 keV than in 4 – 10 keV within the
timescale range of 0.5 ks to 50 ks, consistent with the
“softer-when-brighter” scenario shown in Fig. 1 & 2.
However, we find that, the 4–10 keV SFs are flatter than
those of 2–4 keV, and the ratios of SFs significantly de-
crease with the decreasing timescale, i.e., the amplitude
of the “softer-when-brighter” trend is timescale depen-
dent. The errors in SF(τ) and the ratio of SF(τ) are ob-
tained through bootstrapping the two light curves (Pe-
terson 2001). We note while there are known caveats
on the use of structure functions (see Emmanoulopoulos
et al. 2010), e.g., the directly measured structure func-
tion may show spurious breaks at low frequency, in this
work what we concern is not the absolute slope of the
structure functions, but the difference (ratio) between
two bands. As 2–4 and 4–10 keV light curves are iden-
tically sampled and highly correlated, the biases to SFs
due to red noise leakage and aliasing effects should have
been mostly cancelled out in the ratio of two structure
functions (see next paragraph for further simulations).
For comparison, we also derive the SF(τ) and the ratio
from the simulated light curves (see §3.1). Clearly, the
simulated light curves, which solely follow the best-fit
smooth “softer-when-brighter” trends as shown in Fig. 1
& 2, do not display such timescale dependency.
In the simulations above, we started from the observed
2–10 keV light curves and the best-fit smooth “softer-
and-brighter” trends, and only Poisson errors were added
to the expected 2–4 keV and 4–10 keV light curves. Be-
low we perform more general simulations starting from
power spectral density (PSD). We use a single powerlaw
PSD to simulate exponential light curves (since NGC
4051 is known to show a linear rms-flux relation, e.g.,
Vaughan et al. 2011) based on the algorithms of Uttley
et al. (2005) and Emmanoulopoulos et al. (2013). We
use the same PSD shape to simulate two light curves
(for 2–4 keV and 4–10 keV respectively). Nearly iden-
tical random numbers are adopted in the simulations to
mimic the high correlation between two bands (with a
CCF peak value of 0.96). Two light curves are set to have
lengths 1000 times of the observed one shown in Fig. 1,
then chopped into 1000 segments, each with length and
sampling matched to observations. The simulations were
tuned to match the averaged variation amplitude from
1000 segments in each band with the observed one. The
average count rate of each segment is scaled to the ob-
served value so that the effect of added Poisson noise is
comparable to that in observed light curves. We calcu-
late the SFs and SF ratio from each pair of segments, and
derive the corresponding 16%–84% percentile ranges of
the 1000 segments. We simply choose a powerlaw PSD
slope of α = -1.6 with which the yielded median SF shape
is comparable to the observed ones (upper panel in Fig.
4). We find that while the simulated SFs from individual
segments show significant scatter (due to red noise leak-
age and aliasing), the ratio of SFs in two bands shows
little deviation from a flat profile (lower panel in Fig. 4).
This indicates that the SF ratio from two highly corre-
lated light curves, unlike the SF itself, is barely biased
by red noise leakage and aliasing effect. The observed
SF ratio which increases with the timescale clearly con-
tradicts the assumption that two bands have the same
PSD shape. We further simulate 4–10 keV light curves
using PSD slope flatter than 2–4 keV (simply increasing
α by 0.25), and find that the observed SF ratio could be
qualitatively recovered (Fig. 4).
4. DISCUSSION
Three major scenarios have been proposed to de-
scribe/explain the X-rays spectral variabilities in NGC
4051 (and also for other AGNs), including 1) intrinsic
spectral variability (the standard model, e.g., spectral
pivoting of the powerlaw continuum, e.g., Uttley et al.
2004); 2) variable ionized absorption, in response to X-
ray flux variation (e.g. Pounds et al. 2004); 3) the com-
bination of a constant reflection component with an in-
trinsic power-law which is variable in flux but not shape
(likely due to light bending effect, e.g. Ponti et al. 2006).
In this work we interpret our discoveries within the stan-
dard framework attributing the observed spectral vari-
ability entirely to intrinsic variation of the corona, but
5Figure 3. 2 – 4 keV and 4 – 10 keV structure functions (in unit of dex) and their ratios, derived from observed XMM-Newton light
curves and simulated ones. Left panels for ObsID 0109141401, and right for ObsID 0606320101 – 0606322301 which covers a larger range
of timescale. The error bars for the structure functions and their ratios are derived through boot strapping the data points in the light
curves. Measurements from one example simulation are plotted, together with the 1σ distribution range with the shaded regions.
will also briefly discuss two other scenarios where rele-
vant.
As we show in Fig. 1 and Fig. 2, we have seen
stochastic deviations from the smooth empirical relation
both within and between individual exposures, suggest-
ing variations in the corona geometry or inner structure.
Particularly, we have seen fast deviations at timescales
as short as 2 ks. We do not find clear correlation between
the deviation and X-ray brightness. Such quick and
stochastic events could not be attributed to the mech-
anism which is responsible for the general “softer-when-
brighter” trend, and are possibly due to individual flares
within the corona. We also present clear evidence that
the “softer-when-brighter” trend is timescale dependent,
in the way that the trend is more prominent at longer
timescales (from 0.5 ks up to 50 ks). This demonstrates,
from a different aspect, that the X-ray spectral shape of
NGC 4051 is not solely determined by its brightness.
We remark that in the range of 2 – 10 keV, the con-
tribution of the reflected continuum and the Fe K fluo-
rescent line is non-negligible, particularly to 4 – 10 keV.
A constant reflection component plus a varying power-
law with constant spectral slope could naturally yield
a “softer-when-brighter” trend, however such an effect
alone appears insufficient to explain the observations
(e.g. Sobolewska & Papadakis 2009; Lamer et al. 2003).
We further note that this model, in which timescales
is not involved, would yield a timescale independent
“softer-when-brighter” trend, inconsistent with observa-
tions. This is also directly confirmed through calculating
the structure functions from observations in linear space
(simply in unit of count per second), i.e., not affected by
constant contamination to the light curves. Consider-
ing the reflection component could response and lag be-
hind the intrinsic continuum variation, we would contrar-
ily expect even stronger “softer-when-brighter” trends at
shorter timescales. Attributing the general “softer-when-
brighter” trend in AGNs completely to a varying ionized
absorber is also challenging, with strict constraints on
the column density, gas density, recombination timescale,
location, ionization parameter, and possibly also multi-
layer structure of the absorber (e.g. Sobolewska & Pa-
padakis 2009; Uttley et al. 2004; Pounds et al. 2004).
Here we provide a side note that the ionized absorber
could produce a weaker “softer-when-brighter” trend at a
timescale shorter than the recombination timescale. This
qualitatively agrees with our discovery, but quantitative
analysis is beyond the scope of this work.
4.1. Comparison with previous studies
We note Lobban et al. (2016, 2018) found in PG
1211+143 and Ark 120 that at short timescales (within
individual exposures) the fractional variation amplitude
rms is roughly constant with energy between 2–10 keV,
whereas the rms decreases with energy at long timescales
(between exposures). Such results, derived through com-
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Figure 4. Similar to the left panels of Fig. 3, but here the sim-
ulated SFs are derived from PSD-based mock light curves. Upper
panel: example simulated SFs for 2–4 keV and 4–10 keV (circles
connected with dashed lines) derived from a pair of mock light
curves, the 16% - 84% percentile ranges (blue and red shaded
regions) of simulated SFs derived from 1000 pairs of mock light
curves, and for comparison the observed SFs (triangles) from Ob-
sID 0109141401. The mock light curves are simulated using iden-
tical PSD shape (α=-1.6) for two bands. Lower panel: the cor-
responding SF ratios. The green shaded region plots 16% - 84%
percentile range of the expected SF ratio from a flatter PSD in
4–10 keV band (α2−4keV =-1.6, α4−10keV =-1.35).
parison between two timescales as a function of energy,
are qualitatively consistent with ours (i.e., the “softer-
when-brighter” trend is weaker at a shorter timescale),
howbeit our approach provides a straightforward demon-
stration of the timescale dependency over a broad range
of timescale. With our approach, it is also straightfor-
ward to identify intervals which deviate from the single
empirical trend for future extensive studies.
There are also studies in literature showing that high
frequency X-ray power density spectra (PSD) of AGNs
(including NGC 4051) tend to be flatter at higher en-
ergy (e.g. Papadakis & McHardy 1995; Vaughan &
Fabian 2003; Vaughan et al. 2003; McHardy et al. 2004;
Markowitz & Uttley 2005; Vaughan et al. 2011; Em-
manoulopoulos et al. 2016). A flatter PSD at higher
energy corresponds to a flatter structure function, thus
could reproduce a timescale dependency of the “softer-
when-brighter” trend (see Fig. 4). However, the con-
clusions in literature were actually derived through com-
paring the PSD slope in 2–10 keV with those in softer
bands but without correcting the contamination from the
soft X-ray excess. We stress that the physical origin and
variation properties of the soft X-ray excess are known
to be different from the powerlaw component (e.g. Jin
et al. 2017), and the soft X-ray excess is significant in all
the sources in the aforementioned studies. Nandra & Pa-
padakis (2001) focused on the powerlaw component, and
found the PSD shape of NGC 7469 is flatter at higher en-
ergy. However, their primary discovery is that the PSD
shape in 10–15 keV is flatter than that in 2–4 and 4–
10 keV. The PSD shape in 10-15 keV could be signif-
icantly affected by background subtraction (for RXTE
PCA which collects photons with collimator, subtracting
background is not as straightforward as directly imaging
X-ray telescopes with mirrors). Actually, between the
two bands with much higher S/N and much lower back-
ground contamination (2–4 keV and 4–10 keV), they did
not find statistically significant difference in the PSD
shape. Meanwhile, McHardy et al. (2004) did split 2–
10 keV data of NGC 4051 into two bands (2–5 keV and
5–10 keV) but no statistical significant difference in the
PSD slope between two bands was detected (see Em-
manoulopoulos et al. 2016 for a similar study on NGC
7314). Therefore, there is yet no solid evidence in these
studies that the energy dependency of the PSD slope
holds for the powerlaw component alone in AGNs.
Flatter PSD at higher energy is also seen in the
low/hard and soft/high state in X-ray binaries (e.g.
Nowak et al. 1999; Grinberg et al. 2014). Note the con-
tamination from the thermal X-ray emission from the
disk is strong in X-ray binaries in soft/high state. Indeed,
Zdziarski et al. (2005) has shown that the energy depen-
dence of the PSD in the high soft state of GRS 1915+105
could be attributed to superposition of variability from
the less variable disc emission and more variable Comp-
tonization emission. Meanwhile, while the flatter PSD
at higher energies in low/hard states of X-ray binaries is
similar to the discovery in this work, the low/hard states
of X-ray binaries are commonly considered as analogs
of low luminosity AGNs but not normal AGNs at mod-
erate to high accretion rates (e.g. Markowitz & Uttley
2005), thus spectral variability in the low/hard states of
X-ray binaries could also have physical origin different
from that of the discovery reported in this work.
We conclude that our discoveries of flatter structure
function in 4–10 keV (compared with 2–4 keV) in NGC
4051, and subsequently weaker “softer-when-brighter”
trends (of the powerlaw component alone) at shorter
timescales, provide new clues to interpret the powerlaw
spectral variability and the corona physics in AGNs.
We need to further point out that our investigation of
the X-ray spectral variability (the ratio of structure func-
tions) is somehow in analogy to differential photometry,
which outperforms absolute photometry in accuracy in
time domain studies. This might be able to explain why
McHardy et al. (2004) did not reveal significant differ-
ence in the PSD slope between 2–5 keV and 5–10 keV in
NGC 4051, as the light curves and PSDs from two bands
were treated as independent to each other. In other
words, while studying the spectral variations of individ-
ual AGNs, a differential approach should be adopted.
We defer a more extensive comparison between PSD and
structure function analyses to a future study, and focus
on the physical interpretation of our results hereinafter.
4.2. The underlying processes
Starting from the disc fluctuation model (e.g.
Lyubarskii 1997), an inward-propagation scenario has
been developed in literature to explain the X-ray
spectral-timing variabilities of accreting black holes (e.g.
Churazov et al. 2001; Kotov et al. 2001; Are´valo & Uttley
2006). In the model, the inward-propagation of the per-
turbations from larger radii of an extended corona yields
harder X-ray variation lagged behind softer X-ray and
flatter PSD in harder band (e.g., see Fig. 9 in Kotov et al.
2001). Within this scheme, the “softer-when-brighter”
trend could be attributed to the larger variation ampli-
7tude in the softer band, while a flatter PSD in the harder
band could reduce the “softer-when-brighter” trend at
shorter timescales as we observed. However, the inward-
propagation model is unable to explain the dynami-
cal/geometrical variations of the corona recently discov-
ered (e.g. Wilkins et al. 2015; Alston et al. 2020). Fur-
thermore, the effect of corona temperature has not been
considered in the inward-propagation model, which sim-
ply assumes softer X-ray emission is produced at larger
radii. Assuming in the scheme the outer corona where
softer X-ray emission is produced has lower temperature,
the inward-propagation model would yield lower effec-
tive corona temperature during the brighter and softer
phases, contrary to the “hotter-when-brighter” pattern
seen in AGNs (Zhang et al. 2018). Also note that the
studies, which compared the inward-propagation model
with AGN observations (e.g. Are´valo & Uttley 2006),
did not either consider the contamination of the soft X-
ray excess component. Therefore, while the propagation
could be at work2, it is likely not the dominant mecha-
nism behind the powerlaw spectral variations in AGNs.
Figure 5. A toy scheme (figure not to scale) to describe the X-ray
spectral variations in AGNs with moderate to high accretion rates.
The black hole, the thin accretion disc, the individual flares on top
of the disc, and the extended corona are drawn. Lighter colors of
the extended corona signify softer X-ray spectra it produces, and
its size approximately depicts the total power.
Below we show how the findings presented in this work
(together with other clues introduced in §1) could be in-
terpreted with an alternative scheme as plotted in Fig.
5, in which the propagation is presently neglected. In the
scheme, the corona has a two-tier structure, including in-
dividual flares on top of the accretion disc, embedded in
an extended corona which is heated by the flares, just like
that the solar corona could be heated by solar flare and
nano-flares (Parker 1988). This is in analogy to the solar
flares/nano-flares and corona geometry, though the exact
underlying physical processes (e.g., corona heating) are
yet unclear. Note other processes which are not yet con-
sidered in the current phenomenological scheme, includ-
ing those aforementioned (light bending effect, variable
ionized absorber) and pair production (e.g. Fabian et al.
2015), may also regulate the spectral variation in AGNs.
In the scheme rapid variations are dominantly caused
by minor and stochastic changes of the individual flares,
which merely change the status (geometry, tempera-
ture and opacity) of the extended corona, and thus
2 The propagation within the corona might not be inward, but
upward as recent MHD simulations suggested (Schnittman et al.
2013).
the “softer-when-brighter” trend is weak. On longer
timescales, when the flares are significantly stronger, the
extended corona is further heated and driven to expand.
The inflation of the hotter corona leads to smaller opac-
ity (likely also due to higher escape velocity of outflowing
electrons), thus softer X-ray spectrum could be yielded.
The hotter temperature and/or the higher outflowing ve-
locity are responsible for the higher cutoff energy ob-
served during the brighter and softer phases (Zhang et al.
2018). Note the correlation between the corona tem-
perature or cutoff energy likely and X-ray flux might
be more complicated than a single monotonous func-
tion, since more physical processes other than heating
and inflation could be involved. For instance, a signif-
icantly inflated corona could intercept more seed pho-
tons from the disc thus may be contrarily cooled down
due to higher cooling efficiency. Extensive studies of the
variations of corona temperature and/or cutoff energy
are essential to reveal the physical processes behind the
spectral variabilities. The slow variations, accompanied
with inflation/contraction of the extended corona, could
be driven by the variability in the global activity of the
inner disc (akin to that of the solar activity, but ape-
riodic)3. Here we refer activity to the strength of the
yet unknown processes heating the coronae in AGNs,
such as magnetic turbulences, but not the accretion rate.
Note the inflation/contraction describes the geometrical
changes of the dominant X-ray emitting region, but not
necessarily the outflowing/inflowing velocities of parti-
cles in the corona, thus do not contradict the scenario of
outflowing corona (e.g. Liu et al. 2014). In the scheme,
the deviations from the general “softer-when-brighter”
trend could be attributed to the random scattering of
the physical properties of individual flares or long term
activities. The number of the flares should not be too
small, to explain the general and rather smooth “softer-
when-brighter” trend, and should not be too large either
otherwise the deviations would be smeared out.
Contrarily, in case of a higher accretion rate (i.e., on
very very long time scales), the inner disc activity is ex-
pected to be weaker, as it is known that the X-ray and
UV variations anti-correlate with Eddington ratio (e.g.
Soldi et al. 2014; Kang et al. 2018). Thus a relatively
weak extended corona (compared with the total gravita-
tional energy released) could be produced. The corona
cooling would be more efficient since more seed disc pho-
tons are produced at higher Eddington ratios and the
corona temperature is expected to be lower (see Ricci
et al. 2018, for marginal observational evidence). The
lower temperature (perhaps in combination with lower
corona opacity) could then lead to softer X-ray spectra.
The fast deviations/flares could emerge/disappear at
timescales as short as ∼ 2 ks. This is still considerably
larger than the light travel time (∼ 170 s) for a 20 Rg (Rg
= GM/c2) radius corona in NGC 4051 (with an SMBH
mass of 1.7±0.5 × 106 M, Denney et al. 2009). As
the Compton cooling timescale is expected to be smaller
than the light travel time (e.g. Fabian et al. 2015), the
observed timescale should reflect that of the variation
of the driven magnetic field. Next generation X-ray tele-
3 see https://blogs.nasa.gov/sunspot/2018/10/10/solar-cycle-
24-in-x-ray-vision/ for an illustration of solar corona infla-
tion/contraction in X-ray images within a solar cycle.
8scopes with much larger photon collection areas would be
able to detect even rapider deviations, and fast variations
of the physical parameters (spectral shape, temperature,
etc) of the corona.
We finally remark that there are essential differences
between our scheme and a similar two-process model in
literature (long term coronal cooling, and short term
flares) proposed by Nandra & Papadakis (2001). One key
difference is that, in our scheme the long term “softer-
when-brighter” trend is not driven by corona cooling but
corona heating and inflation, as recent NuSTAR obser-
vations show hints of hotter corona at higher fluxes in
individual AGNs (Zhang et al. 2018). We also show in
our scheme that the long term spectral variation in indi-
vidual AGNs should be intrinsically different from that
between AGNs with different accretion rates (see Fig. 5).
A further note is that the observed rms-flux relation
in NCG 4051 (e.g. Vaughan et al. 2011), i.e, is another
important clue to constrain the variability model. To
reproduce the observed linear rms-flux relation, in our
model we would expect stronger individual flares during
brighter intervals. It might be unsurprising if the X-ray
brightness in individual AGNs is controlled by the am-
plitude of inner disc turbulences (Kang et al. 2018) but
not variation in global accretion rate, that stronger tur-
bulences (thus stronger rapid variabilities) are expected
during brighter intervals. We need to develop our sim-
ple toy model into a more concrete one in the future to
examine whether it could quantitatively reproduce the
observed rms-flux relation (and other X-ray variability
behaviors). Furthermore, taking the new aspects pre-
sented in this work into consideration, future systematic
comparison of the X-ray spectral variability behaviors
between AGNs, black hole X-ray binaries and neutron
star X-ray binaries (e.g. Psaltis et al. 1999) may yield
new clues to the underlying physics.
5. SUMMARIES
Using XMM-Newton exposures on NGC 4051, we show
that its powerlaw (2–10 keV) spectral variability is more
than what an empirical “softer-when-brighter” trend
could describe. We find intervals which clearly devi-
ate from the empirical relation, both between and within
XMM-Newton exposures. The deviations can be seen at
timescales as short as ∼ 2 ks. We further find that the
4 – 10 keV structure function is flatter than that of 2
– 4 keV, indicating the “softer-when-brighter” trend is
gradually weaker at shorter timescales (from 100 ks to
0.5 ks). These discoveries directly demonstrate that the
powerlaw spectral slope is not solely determined by its
brightness.
We point out that while there are studies in literature
finding flatter PSD slopes at higher energies in AGNs,
seemingly consistent with our results (flatter PSD vs flat-
ter structure function), most of such studies did not dis-
tinguish the soft X-ray excess component from the power-
law emission, and there is yet no clear evidence in litera-
ture showing the PSD slopes of the powerlaw component
alone in AGNs is energy dependent. Our discoveries pro-
vide new observational clues to understand the physical
nature of the powerlaw spectral variabilities in AGNs.
While the inward-propagation model of an extended
X-ray corona (e.g. Kotov et al. 2001) could reproduce
a flatter PSD in harder band, thus weaker “softer-
when-brighter” trends at shorter timescales, it is un-
able to explain other essential observations in literature,
including the dynamical/geometrical variations of the
corona in AGNs (e.g. Wilkins et al. 2015; Alston et al.
2020), and the “hotter-when-brighter” pattern recently
observed (Zhang et al. 2018).
In this work we propose a different scheme (Fig. 5)
to interpret the spectral variabilities we observe to-
gether with those critical clues reported in literature.
In the scheme, rapid X-ray variations are attributed
to flares/nano-flares on top of the inner accretion disc,
which barely alter the spectral slope of the coronal emis-
sion. Meanwhile slow variations, driven by the vari-
ability of the global activity (akin to solar activity,
not the accretion rate) of the inner region, lead to in-
flation/contraction of the embedding extended corona.
When more energy is dissipated into the corona, higher
X-ray fluxes are observed, the corona is heated to ex-
pand, and the softer spectra are produced by the smaller
opacity of an inflated corona. Contrarily, since a smaller
fraction of energy (normalized to the bolometric lumi-
nosity) is dissipated into the corona in AGNs with higher
Eddington ratios, the mechanism behind their softer X-
ray spectra should be different (likely due to the weaker
activity thus cooler corona in the inner region).
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